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Acoustically-Driven Thread-Based Tuneable Gradient

Generators

Shwathy Ramesan,a Amgad R. Rezk,a Kai Wei Cheng,a Peggy P. Y. Chan,a and Leslie

Y. Yeo∗a

Thread-based microfluidics offer a simple, easy to use, low-cost, disposable and biodegradable al-

ternative to conventional microfluidic systems. While it has recently been shown that such thread

networks facilitate manipulation of fluid samples including mixing, flow splitting and the forma-

tion of concentration gradients, the passive capillary transport of fluid through the thread does

not allow for precise control due to the random orientation of cellulose fibres that make up the

thread, nor does it permit dynamic manipulation of the flow. Here, we demonstrate the use of

high frequency sound waves driven from a chip-scale device that drives rapid, precise and uni-

form convective transport through the thread network. In particular, we show that it is not only

possible to generate a stable and continuous concentration gradient in a serial dilution and re-

combination network, but also one that can be dynamically tuned, which cannot be achieved

solely with passive capillary transport. Additionally, we show a proof-of-concept in which such

spatiotemporal gradient generation can be achieved with the entire thread network embedded in

a three-dimensional hydrogel construct to more closely mimic the in vivo tissue microenvironment

in microfluidic chemotaxis studies and cell culture systems, which is then employed to demon-

strate the effect of such gradients on the proliferation of cells within the hydrogel.

1 Introduction

Paper-1–4 as well as thread-based5–8 microfluidic technology

have become increasingly popular of late as point-of-care ana-

lytical devices, particularly for use in developing nations where

accessibility to healthcare is severely limited.1,9,10 Both technolo-

gies are attractive from the point of view of ease-of-use and low

fabrication costs, and hence are amenable as disposable single-

use devices which mitigate common risks associated with contam-

ination and disease transmission. Both also rely predominantly

on capillary wicking of the sample and reagent through the net-

work as the underlying transport mechanism. Although such pas-

sive capillary transport benefits from simplicity both in terms of

its setup and operation, it also imposes limits on flow speed, con-

trol, directionality, uniformity and reproducibility in paper-based

devices, due in particular to the random orientation of the fibres

that make up the paper.11 Additionally, passive capillary transport

does not permit flexible and dynamic control. While these limi-

tations may be acceptable in many simple qualitative diagnostic

tests, particularly for disease screening in low resource settings at
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the point of need,9 there are a number of instances when quan-

titative or even semi-quantitative analyses are required, in which

case the passive capillary flow mechanism becomes inadequate.

There is thus a need to develop better ways to regulate and

manipulate the flow through paper and thread networks. For in-

stance, Ballerini et al. 12 have demonstrated modular thread sec-

tions for switching and mixing in threads whereas modification of

a paper’s properties, such as its wettability13 or permeability,14

have been employed to alter the behaviour of the flow through

it. Additionally, both acoustic and electric fields have also exhib-

ited significant potential to modulate and hence regulate trans-

port in paper networks.11,15 To maintain low cost and simplicity,

which constitutes the primary advantages of these devices, cre-

ative adaptations to conventional electrodes structures have been

introduced, for example, using aluminium foil16 or pencil lead.15

Encouraged by the potential of these external fields for flow

regulation in paper, we show in this work the prospect for rapid

and tuneable generation of concentration gradients in thread net-

works and demonstrate the possibility for the entire thread net-

work and its concentration gradient to be embedded within a hy-

drogel. This is motivated by growing interest in developing mi-

crofluidic devices which mimic in vivo biomolecular concentration

gradients with the aim of facilitating better understanding of the

mechanisms that govern the inter- and intra-cellular signalling
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of a particular branch (e.g., α, β , δ , ε or γ in Fig. 1(a)) in the net-

work; it will be shown subsequently that the flow and hence the

concentration gradient that is produced can be altered depending

on this position. Application of an alternating electrical signal at

resonance (in this case, 30 MHz) to the IDTs above a critical in-

put power (typically 2–2.5 W) using a signal generator (SML01,

Rhode & Schwarz Pty. Ltd., North Ryde, NSW, Australia) and

amplifier (10W1000C, Amplifier Research, Souderton, PA, USA)

then leads to nebulisation of the pre-wetted thread at this loca-

tion, giving rise to a negative pressure that then draws liquid from

the inlet reservoir through the thread network via a pathway that

is dependent on the nebulisation location, i.e., the outlet position

where the SAW device is placed (i.e., α, β , δ , ε or γ).

In our setup, the elliptical IDTs consist of forty alternating 33-

and 66-nm thick chromium–aluminium finger pairs that produce

a focused SAW with a wavelength of 132 µm, corresponding to

the 30 MHz resonant frequency. We note that unlike conven-

tional bulk kHz-order ultrasonic nebulisation, the high frequency

MHz-order SAW nebulisation does not lead to any considerable

biomolecular degradation—this not only allows the SAW to be a

powerful tool for microfluidic actuation,34–36 but also permits the

generation of biomolecular concentration gradients in the thread

network that facilitates chemotaxis studies for potential drug test-

ing applications.

2.3 Colourimetric quantification

Yellow and blue synthetic food dyes (Queen Fine Foods Pty. Ltd.,

Alderley, QLD, Australia) prediluted using milli-Q R©water (Merck

Millipore Corp., Bayswater, VIC, Australia) were used to visually

trace the dynamic mixing of the fluid and hence the generation

of the concentration gradient along the network. The extent of

mixing between the two dye solutions and hence a quantitative

picture of the concentration distribution throughout the thread

network, particularly at the knot locations, can then be obtained

through a colourimetric analysis based on a hue–saturation–value

(HSV) model employed previously (Fig. S1 in the ESI).11 An ad-

vantage of the HSV method over conventional greyscale pixel in-

tensity analysis is that every colour is associated with a base hue

value independent of its intensity or brightness, and, as such, the

analysis is insensitive to variations in the illumination conditions

between experimental runs.11 The hue values vary correspond-

ingly as the colour changes with the progressive mixing of the

dyes at locations along the thread network, which can then be

tracked both in space and time.

Briefly, high resolution time-lapse images were acquired using

a digital SLR camera (D600, Nikon Corp., Shinjuku, Japan). The

hue values at each knot location H, calculated by averaging the

individual hue value of each pixel spanning the knot area, which

can be extracted from the images using MATLAB R©(Mathworks

Inc., Natick, MA), then allows us to obtain a percentage blue in-

tensity value at each knot location:

% blue =

(

Hyellow −H

Hyellow −Hblue

)

×100. (1)

Hyellow ≈ 50 and Hblue ≈ 210 are the hue values of yellow and blue,

respectively, such that equimixing of both solutions gives a green

solution with a hue value of Hgreen ≈ 130. To avoid nonuniform

mixing of the colours, we employ equal dye volumes in the blue

and yellow solution reservoirs from which the threads at the inlet

of the network draw.

2.4 Hydrogel synthesis

To show that the concentration gradient can be generated and

stably sustained in addition to being dynamically tuned within

an extracellular matrix, thus constituting a superior mimic of the

cell response in a three-dimensional tissue microenvironment, we

carry out a demonstrative experiment in which we embed the

entire thread network in a hydrogel. Here, we employ a 5%

gelatin–hydroxyphenyl propionic acid (Gtn-HPA) hydrogel syn-

thesized using a general carbodiimide/active ester-mediated ox-

idative coupling reaction of the phenol moieties in distilled wa-

ter;37–41 the enzymatic reaction allowing independent tuning of

the hydrogel stiffness and the gelation rate. In brief, 5 g gelatin

(Gtn, Mw = 80–140 kDa; Wako Pure Chemical Industries Ltd., Os-

aka, Japan) and 0.864 g 3,4-hydroxyphenylpropionic acid (HPA;

Sigma-Aldrich Pty. Ltd., Castle Hill, NSW, Australia) was first dis-

solved in 250 mL milli-Q R©water. To this solution, 0.573 g N-

hydroxysuccinimide (NHS; Sigma-Aldrich Pty. Ltd., Castle Hill,

NSW, Australia) and 0.955 g 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (Sigma-Aldrich Pty. Ltd., Castle Hill,

NSW, Australia) was added. The mixture was stirred overnight

at room temperature at a constant pH of 4.7, followed by further

dialysis against NaCl, 25% ethanol, and water in the aforemen-

tioned sequence for 2 days each to remove toxic unconjucated

substances. The final product was then lyophilised in 50 ml falcon

tubes for 2 days until the water content was completely removed.

The precursor that forms has a spongy structure and is stable at

room temperature. Conjugation of Gtn to HPA was further con-

firmed by 1H NMR (D2O) analysis. Detection of chemical shifts at

6.8 and 7.2 ppm indicated the presence of aromatic protons in the

combination. Cross-linking to form the hydrogel was initiated by

adding 100 units/mg horseradish peroxidase (HRP; Wako Pure

Chemical Industries Ltd., Osaka, Japan) and diluted 30% H2O2

(Sigma-Aldrich Pty. Ltd., Castle Hill, NSW, Australia). The HRP

concentration is optimised in this work such that the gelation oc-

curred precisely at a predetermined time period, in this case 19

seconds, when the thread network was gently placed within the

hydrogel to be embedded. A circular petri-dish was used to mould

the hydrogel constructed, which was subsequently extruded out

to form a free standing substrate that is 1.3 cm thick and 2.5 cm

in radius.

2.5 Cell culture and characterisation

Human fibrosarcoma (HT1080) cells were acquired from the

American Type Culture Collection (ATCC, Rockville, MD) and

maintained in Dulbecco’s Modified Eagle Medium (DMEM-

GIBCO) supplemented with 10% fetal bovine serum and 1%

penicillin–streptomycin. The cells were subcultured periodically

every 2-3 days and passaged at no more than 90% confluency.

The incubator was constantly maintained at 37◦C with 95% rel-
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ative humidity and 5% CO2. All cell culture media and supple-

ments as well as chemicals employed for the characterisation of

the cells described below were purchased from Life Technologies

Pty. Ltd. (Mulgrave, VIC, Australia) unless specified otherwise.

Discs made from the hydrogels synthesised using the method in

Section 2.4 were first fabricated.41 Briefly, 5% Gtn-HPA solution

(5 mg/mL in PBS) was sterilised via filtration through 0.22 µm

syringe filters under aseptic conditions and centrifuged to obtain

a bubble free solution to which 5 µL of HRP was added to yield a

final concentration of 0.13 units/mL. Crosslinking was then initi-

ated by adding 10 µL of H2O2 solution to give final concentrations

of 3.2 mM, before adding to a standard 35 mm Corning R©dish.

The pre-fabricated cotton network was gently plunged into the

dish halfway through gelation to embed the cotton network into

the gelating solution. The gels were subsequently allowed to

set for an hour at room temperature following by uniform seed-

ing of the HT1080 cells over their surface at a density of 3750

cells/mm2. The cells were allowed to adhere in complete media

for 24 hours and the growth medium removed prior to exposure

to the gradients of complete media and 1X phosphate buffered

saline (PBS), generated and stabilised in the thread network via

SAW excitation.

The viability of the cells within the Gtn-HPA hydrogel con-

structs were assessed at different time points using calcein ace-

toxymethyl (AM) and propidium iodide (PI). Prior to staining,

the hydrogel constructs were first washed twice with PBS; stain-

ing with calcein AM (2 µM) and PI (4 µM) took place over 45

min at 37◦C in the absence of exposure to light. The hydrogels

were then washed twice with PBS to remove excess dye and the

fluorescent images of the cells at different nodes of the thread

network were captured at 20X magnification (ZOETM Fluorescent

Cell Imager, Bio-Rad Laboratories Inc., Hercules, CA).

To determine the number of cells inside the hydrogel at each

time point, we uniformly extract a small 3 mm2 circular area of a

separate hydrogel construct around each nodal position labelled 1

through 5 in Fig. 1(a) and place this in a 96-well plate. The hydro-

gel construct was then digested in 200 µL 0.25% trypsin–EDTA

solutions by incubating the hydrogels at 37◦C for 2 hours. The

cells released from the degraded hydrogels were subsequently

collected and stained with 0.4% trypan blue solution. Since non-

viable cells assume a blue colouration of the solution and viable

cells remain unstained, the total number of live and dead cells

can then be enumerated using a haemocytometer.

To assess the cellular metabolic activity and hence their pro-

liferation at different time points, the 3 mm2 circular hydrogel

constructs were extracted using the aforementioned method and

placed in a 96-well plate. 200µL of 3-(4,5-dimethylthiazolyl-

2)-2,5-diphenyltetrazolium bromide (MTT) solution (1 mg/mL

in serum free medium) was added to each well and the cells

were further incubated at 37◦C for 6 h. The reduction of MTT

by the metabolically active cells due to the dehydrogenase en-

zyme results in the formation of purple formazan crystals that

is then imaged under bright-field illumination at 20X magnifica-

tion (ZOETM Imager, Inc., Hercules, CA). After removal of the

unreacted MTT solution from the wells, the crystals can also be

solubilised by incubation in 200µL of dimethyl sulfoxide (DMSO)

over 30 mins, and subsequently quantified via absorbance mea-

surements of the solution at 570 nm (Spectramax R©Paradigm

multimode plate reader, Molecular Devices LLC, Sunnyvale, CA).

Finally, the morphology and F-actin arrangement of the cells

were visualised through cytoskeleton (actin) and nuclear (DAPI)

staining. Briefly, the aforementioned extracted hydrogel con-

structs were fixed in 4% paraformaldehyde at room temperature

for 1.5 hours. The hydrogels were then washed twice with sterile

PBS before adding 1% BSA for 30 minutes at room temperature to

avoid nonspecific staining. After further washing twice with PBS,

the hydrogels were individually stained with DAPI (2 µg/mL in

PBS) and Alexa Fluor 488 R©phalloidin (5 µM/mL in PBS) for 1.5

hours. Excess dye was washed with PBS and the cells were im-

aged using laser scanning confocal microscopy (Eclipse Ti, Nikon

Instruments Inc., Melville, NY) with 495 nm (green; actin) and

340 nm (blue; DAPI) excitation filters.

3 Results and discussion

The initial experiments were carried out in the absence of the hy-

drogel to characterise and optimise the concentration gradient in

the thread network. Figure 2(a) shows the formation of a con-

tinuous symmetric concentration gradient in the serial dilution

thread network as the yellow and blue solutions are drawn from

their respective reservoirs through the network towards the out-

let location α (see Fig. 1(b)) where the SAW device is located

when it is activated and nebulisation ensues. As the coloured so-

lutions progressively mix, it can be seen that a stable symmetric

gradient throughout the network is formed—all within 10 min-

utes, which is considerably faster compared to the case of passive

capillary action in the absence of the SAW excitation wherein a

similar gradient forms over a duration of 45 minutes (Fig. 2(b)).

The increase in speed can be attributed to the convective trans-

port generated by the SAW which pulls fluid through the thread

network at constant speed (i.e., the position of the advancing liq-

uid front x through the thread scales linearly with time t)11 as

opposed to passive capillary diffusive transport wherein the the

fluid is pushed through the thread network at a speed that follows

the Washburn x ∼ t
1/2 scaling12,42. A benefit of the faster convec-

tive transport afforded by the SAW is that the reduced times lead

to a lower propensity for loss of sample or the thread drying out

due to evaporation. We note that the knots at the network junc-

tions where the threads twist and overlap also aid in the mixing30

in a similar way that the stretching and folding of laminar streams

lead to enhanced mass transport as a result of the increase in in-

terfacial area and a reduction in striation thicknesses,43 although

the gradient generated through passive capillary transport in the

absence of the SAW did not appear to be as uniform, as seen in

Fig. 2(b), or reproducible.

In addition to faster formation of the concentration gradient,

a further advantage with the use of the SAW to drive fluid trans-

port through the thread network is the ability to dynamically alter

and hence tune the concentration gradient ‘on the fly’—which is

not possible with passive capillary transport—thus offering the

possibility of mimicking real biological or physiological processes

which are essentially dynamical in nature.44,45 This is done sim-

ply by switching the outlet position at which the SAW device is
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1 cm

Fig. 5 Image showing the serial dilution thread network embedded in

a transparent Gtn-HPA hydrogel (without cells) of 2.5 cm radius and 1.3

cm thickness as it crosslinks. Once the thread network is embedded, the

SAW was used to generate the concentration gradient in the same way

that is done in the absence of a hydrogel, thus verifying as a proof-of-

concept that a stable concentration gradient can be generated and main-

tained within the hydrogel in a controlled manner. Some microbubbles

are observed at the edges of the round hydrogel construct due to active

vortexing of the crosslinkers and the polymer precursor.

As further confirmation of the effect of the SAW generated gra-

dient on cell survival and proliferation in the thread network, it

is also possible to observe the morphological changes to the cells.

Figure 7 shows confocal microscopy images of the cells after 72

hours of exposure to 0% and 100% medium concentration (corre-

sponding to nodal locations 1 and 5 in Fig. 1(a), respectively) in

the thread network. Not only are there fewer cells in the nutrient-

poor environment (Fig. 7(a)), cells starved of nutrients also ex-

hibit poorly organised F-actin structure that are predominantly

spherical or ellipsoidal. In contrast, cells in the nutrient-rich en-

vironment (Fig. 7(b)) are seen to be more abundant, growing

confluently and displaying highly elongated F-actin and clearly

defined stress fibres.

4 Conclusion

In this work, we combine the concept of a microfluidic serial

dilutor in the form of a thread-based lattice network intercon-

nected by a series of knots using a netting technique together

with acoustically-driven convective flow transport using high fre-

quency MHz order sound waves that permits rapid, precise and

uniform flow control in porous materials. This is exploited for

the generation of stable continuous concentration gradients in

the thread network with speeds much faster and with more uni-

formity and reproducibility in the mixing than that which can

be achieved via passive capillary transport. More importantly,

we demonstrate the possibility of dynamically tuning the con-

centration gradient in the thread network simply by shifting the

acoustomicrofludic device to another outlet position on a differ-

ent branch of the network—a capability that cannot be achieved

with pure capillary flow through the thread. Finally, we show

that this operation can be carried out with the entire thread-

based concentration generation network embedded in a cell-

laden three-dimensional hydrogel construct whose material prop-

erties can also be tuned, therefore providing a superior mimic of

an in vivo tissue microenvironment for chemotaxis and cell cul-

ture compared to a conventional two-dimensional microchannel-

based concentration gradient generator.
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